Abstract FeNi alloy nanofibers have been prepared by an electrospinning process followed by air-calcination and H 2 reduction to develop electromagnetic (EM) wave absorbers in the giga-hertz (GHz) frequency range. The thermal behavior and phase and morphology evolution in the synthetic processes were systematically investigated. Through the heat treatments of calcination and H 2 reduction, as-spun PVP/FeNi precursor nanofiber has been stepwise transformed into nickel iron oxide and FeNi phases but the fibrous shape was maintained perfectly. The FeNi alloy nanofiber had the high aspect ratio and the average diameter of approximately 190 nm and primarily composed of FeNi nanocrystals with an average diameter of ~60 nm. The FeNi alloy nanofibers could be used for excellent EM wave absorbing materials in the GHz frequency range because the power loss of the FeNi nanofibers increased up to 20 GHz without a degradation and exhibited the superior EM wave absorption properties compared to commercial FeNi nanoparticles.
Introduction
Electromagnetic (EM) waves with the GHz band are widely used for electronic devices such as wireless telecommunication systems and high-frequency circuit devices in commercial, industrial, and military applications, and the frequency used for these devices will shift to the high-frequency range of above 10 GHz in the future [1] [2] [3] [4] . Therefore, EM wave absorbers suitable for these frequency bands are strongly required for the suppressing of EM interference between the component and signal source. Studies have focused on effective electromagnetic (EM) wave absorbing materials that have a wide absorption frequency, high absorption capability, low weight, good thermal stability, and anti-oxidation capability.
In general, the shielding efficiency of EM wave absorbers depends on the matching frequency, layer thickness of absorbers, and the relative complex permeability and permittivity of the fillers which are determined by their nature, shape, size, and microstructure [5] [6] [7] . Metallic soft magnetic materials may be more suitable as the EM wave absorbers in the frequency range over GHz compared to the conventional ferrites because they possess a higher saturation magnetization and permeability that can still have a large value in a wide GHz range which results from their higher Snoek's limits [6] [7] [8] .
Among the metallic soft magnetic materials, FeNi alloys show excellent soft magnetic properties, and have been widely applied in the field of electronic devices and industry [9, 10] . In addition, nano-sized ferromagnetic materials with high aspect ratio (i.e., one-dimensional (1D) nanostructure) including nanorods, nanowires, and nanofibers can lead to high permittivity and permeability at GHz frequency ranges [11, 12] . Among various synthetic techniques for 1D nanostructures, electrospinning is a simple and versatile method that can be used to easily fabricate various 1D nanostructures with controllable diameters, compositions and morphologies on an industrial scale [13] [14] [15] [16] .
In this study, FeNi alloy nanostructures with a high aspect ratio were prepared by electrospinning method followed by air-calcination and H 2 reduction. The thermal behavior and phase and morphology evolution in the synthetic processes were systematically investigated. The EM characteristics of the 1D FeNi nanostructure and commercial FeNi nanoparticles were evaluated and compared to determine the usefulness of the 1D FeNi nanostructure as an EM wave absorbing material in GHz Synthesis and electromagnetic properties of feni alloy nanofibers using an electrospinning method 219 frequency range.
Experimental Details
First, 2.908 g of nickel (II) nitrate hexahydrate (Ni(NO 3 ) 2 · 6H 2 O, 99.9 %, High Purity Chemicals) and 4.040 g of iron (III) nitrate nonahydrate (Fe(NO 3 ) 3 · 9H 2 O, 99.9 %, High Purity Chemicals) with Ni/Fe molar ratio of 1 : 1 together with 0.5 g polyvinyl pyrrolidone (PVP, Mw = 1,300,000 g/mol, Aldrich) were dissolved in a mixture of 3 ml of distilled water and 12 ml of ethanol under magnetic stirring to form a homogeneous viscous solution. The solution was loaded into a plastic syringe with a nozzle connector with a capillary tip (0.14 mm diameter) at the end and fed at a constant rate of 0.3 ml/hr. A voltage of 16 kV was applied between the capillary tip and the collector using flat aluminum foil at a distance of 10 cm. The electrospun PVP/FeNi precursor nanofibers were prepared by electrospinning and then the nickel iron oxide nanofiber was obtained by annealing the as-spun nanofibers at 600 The thermal behaviors of the PVP/FeNi precursor nanofiber and the nickel iron oxide nanofiber were investigated by thermogravimetric analysis (TGA, SDTQ-600, TA Instruments Co.). The morphological investigation and structural analysis of the nanofibers were performed using a field emission scanning electron microscope (FE-SEM, Hitachi S-4800) and a transmission electron microscope (TEM, JEOL JEM-2100F). X-ray diffractometer (XRD, Rigaku, D/MAX-2500/PC) and selected area diffraction pattern (SAED) were used to determine the crystal structure of the synthesized nanofibers. Finally, the epoxy matrix composites containing the 30 wt% FeNi nanofibers and FeNi nanoparticles were fabricated by shear mixing method. The composites were compacted into a square sheet (4 mm × 4 mm × 200 µm) by an auto-press (Carver, USA). Electromagnetic wave absorption abilities of the electrospun FeNi nanofiber and the FeNi nanoparticles were calculated by S-parameters (S11, S21), which were measured by a network analyzer (Vector Network Analyzer System, Anritsu 37247D) with a coplanar waveguide (CPW) that is designed with a 100 µm-wide signal line and 50 Ω characteristic impedance. The effect of the calcination and reduction on the morphology and diameter of the nanofibers was investigated by FE-SEM. Fig. 3(a~c) shows FE-SEM images of the as-prepared, air-calcined, and reduced nanofibers with diameter distribution graphs in Fig. 3(d~f) . As shown in Fig. 3(a) , the nanofibers had a high aspect ratio and a smooth surface without any beads. The average diameter of the nanofibers was measured to be 340 nm based on the FE-SEM images. After thermal treatment in air at 600 o C for 2 h, the fibrous shape was maintained perfectly and the surface was much rougher than the as-prepared nanofibers due to the crystallization of nickel iron oxide. The average diameter of the nickel iron oxide nanofibers decreased to approximately 218 nm due to the elimination of PVP. The volume contraction of as-spun fibers to nickel iron oxide fibers was 59 %, based on the calculation of decrease of average diameter. The most important one is that the fibrous shape was also maintained after thermal treatment in H 2 despite their high volume contraction to result in the successful synthesis of FeNi alloy nanofibers (Fig. 3(c) ). The average diameter of the FeNi nanofibers is slightly decreased compared to that of the nickel iron oxide nanofibers (Fig. 3(f) ). The difference in diameter is the result of shrinkage during the reduction from nickel iron oxide nanofibers to FeNi nanofibers. Fig. 4 (a) displays a TEM image for the FeNi nanofiber. The nanofibers had a rough surface throughout their entire length and a high aspect ratio. In addition, the nanofibers primarily composed of FeNi nanocrystals with an average diameter of ~60 nm. The SAED pattern of the nanofibers demonstrated that they are polycrystalline with the d-spacing consistent with XRD results. In , where S 11 and S 21 are the reflection and transmission coefficients, respectively. The power loss of the commercial sheets increased incrementally as the frequency increased up to around 10 GHz. On the other hand, the power loss of the FeNi nanofiber based composite sheet increased as the frequency increased up to 20 GHz. These results indicate that high aspect ratio FeNi nanofibers improve the electromagnetic wave absorption compared to low aspect ratio FeNi nanoparticles and can be explained that in case of using the high aspect ratio of the fillers, the formations of bigger electric and magnetic dipoles and conductive networks became more feasible [25] . This finding implies that the FeNi nanofiber can be used as the efficient EM absorber material in the GHz frequency range.
Results and Discussion

Conclusion
In conclusion, in order to increase the EM wave absorbing properties in the GHz frequency range, the FeNi nanofibers with high aspect ratio have been successfully prepared by the multi-nozzle electrospinning process followed by air-calcination and H 2 reduction. The FeNi alloy nanofiber had the high aspect ratio and the average diameter of approximately 190 nm and primarily composed of FeNi nanocrystals with an average diameter of ~60 nm. The FeNi alloy nanofibers could be used for excellent EM wave absorbing materials in the GHz frequency range because the power loss of the FeNi nanofibers increased up to 20 GHz without a degradation and exhibited the superior EM wave absorption properties compared to FeNi nanoparticles.
